The sensitive to freezing2-1 (sfr2-1) mutation causes freezing sensitivity in Arabidopsis thaliana. By mapping, transgenic complementation, and sequencing, sfr2-1 was revealed to be a mutation in gene At3g06510. A new knockout allele was obtained, and its identical freezing-sensitive phenotype confirmed that the SFR2 gene product is essential for freezing tolerance. Transcription of SFR2 was observed to be constitutive rather than stress inducible and was distributed throughout most aerial tissues. SFR2 encodes a protein homologous to family 1 glycosyl hydrolases (b-glycosidases), but the predicted AtSFR2 protein is divergent from all other family 1 b-glycosidases of Arabidopsis, showing closer homology to the sequences of several b-glycosidases from thermophilic archea and bacteria. After purification from a heterologous expression system, AtSFR2 displayed a specific hydrolytic activity against b-D-glucosides.
INTRODUCTION
What genes are responsible for the freezing tolerance of coldacclimated plants? The characterization of genes whose expression is induced during cold acclimation has been a powerful approach to this problem (reviewed in Thomashow, 1999) . Its success is manifest in the manipulation of freezing and drought tolerance by transgenesis with transcription factors (JagloOttosen et al., 1998; Kasuga et al., 1999; Gilmour et al., 2000) and in the molecular genetic description of significant portions of the signaling pathway Thomashow et al., 2001; Fowler and Thomashow, 2002; Seki et al., 2003) . However, the contributions of individual genes to freezing tolerance, except via the control of other genes' expression, have not been readily ascertained by this approach (Xin and Browse, 2000) .
A complementary approach has been to discover genes by their effects on phenotype. Natural variation has been exploited in some commercially important species to identify quantitative trait loci affecting freezing tolerance (Teutonico et al., 1995; Byrne et al., 1997; Sutka et al., 1997; Lerceteau et al., 2000) . However, quantitative trait loci are difficult to map with sufficient accuracy for gene identification and can only reveal genes in which there is natural variation between cultivars. Therefore, some groups have pursued approaches involving the isolation of mutants in the model plant Arabidopsis thaliana.
In one study, mutants were obtained that caused elevated levels of freezing tolerance in the absence of cold acclimation (Xin and Browse, 1998) . The mutations may point to components of the signaling pathway(s) that are responsible for cold acclimation or identify genes that can make self-sufficient individual contributions to freeze protection. Another group used a reporter-based screen to identify mutants specifically altered in their signaling response to cold (and also to osmotic stress) (Ishitani et al., 1997) , revealing several novel components of the signal transduction pathway (Xiong et al., 2002) .
Mutants deficient in freezing tolerance have also been described. The frs1 mutation was found to be an allele of ABA3 (Llorente et al., 2000) , confirming the necessity for normal abscisic acid signaling during cold acclimation (Heino et al., 1990) . The freezing sensitivity of two sensitive to freezing (sfr) mutants has been interpretable in terms of prior knowledge about freezing tolerance. The sfr4-1 mutant fails to elevate sugar levels during cold acclimation and consequently fails to prevent the lesion known as loss of osmotic responsiveness (Uemura et al., 2003) . The sfr6-1 mutant fails to induce genes with C repeat/dehydrationresponsive (CRT/DRE) elements in their promoters (Knight et al., 1999; Boyce et al., 2003) and thus lacks a set of protein and biochemical changes that, collectively, are known to engender freezing tolerance (Gilmour et al., 2000) . The sfr2-1 mutation, on the other hand, does not affect any known aspect of the cold response Knight et al., 1999) . Therefore, characterization of the SFR2 gene should reveal a previously undetected mechanism contributing to freezing tolerance.
No pleiotropic effects of the sfr2-1 mutation have been observed -not even minor effects on vigor, fertility, or morphology-either at normal growth temperatures or during cold acclimation. This suggests that the function of SFR2 is likely to be quite specific to the prevention of freezing injury. The sfr2-1 mutant is unusual among the sfr mutants in that its strong phenotype in the whole-plant freezing assay contrasts with a relatively weak phenotype in the electrolyte leakage assay . This might indicate an unusual mode of protective action for the product of the SFR2 gene. Here, we identify the SFR2 gene, characterize its expression and its homology to proteins of known function, and discuss the implications for its role in freezing tolerance.
RESULTS

Classical Genetic Mapping of the SFR2 Gene
The sfr2-1 mutation was previously mapped to the region between markers GAPC and nga126 on chromosome III (Thorlby et al., 1999) . From the mapping cross of sfr2-1/sfr2-1 Columbia (Col) 3 SFR2 þ /SFR2 þ Landsberg erecta, we screened 690 F2 zygotes for crossovers in this region. Among those zygotes showing crossovers, we determined SFR2 genotypes by freeze testing the F3 progeny of each zygote. By screening these lines with publicly available mapping markers, we obtained a position for sfr2-1 between markers mi403 and C6 ( Figure 1A ).
An assembly of contiguous sequence (contig) was constructed from BAC clones covering this genetic interval. Further mapping markers in this interval were generated as PCR amplicons, using sequence information from members of the contig. (For Arabidopsis, this approach has now been superseded by the creation of an online polymorphism database by Monsanto Company, http://www.arabidopsis.org/Cereon/index.html.) Analysis with the new mapping markers ( Figure 1B ) allowed us to revise both boundaries of the interval containing sfr2-1. It also showed that the mapping population had been employed to the effective limit of its resolution because markers just inside the new boundaries (by 16 and 17 kb, respectively) had no crossovers with SFR2. Thus, classical genetic mapping placed SFR2 within a 218-kb interval bounded by markers 28L1SP6 and GT10.
Identification of the SFR2 Gene and sfr2-1 Mutation
We generated a series of transformable subclones from BACs in the contig and additionally used one preexisting clone, K1P18 . Plants of the sfr2-1 mutant line were transformed with the various constructs, and primary transformants from each construct were freeze tested. Two constructs (carrying sequences shown by hatched bars in Figure 1C ) restored freezing tolerance in most of their transformants; the level of restored tolerance was indistinguishable from that of the wild type. This appeared to represent complementation of the sfr2-1 mutation by the 11-kb region of Arabidopsis genomic DNA that was common to both clones.
The DNA sequence of this region contained two complete putative genes according to contemporary genome annotations, along with incomplete portions of two other flanking genes ( Figure 1D ). We sequenced the complete genes in amplicons derived from the sfr2-1 mutant plants and compared them with published genomic data. Gene At3g06510 contained a single base change, a G>A transition consistent with mutagenesis by ethyl methanesulfonate ( Figure 1D ), whereas gene At3g06520 showed no changes. We noticed that the sequence alteration in gene At3g06510 would create a recognition site for the restriction endonuclease BsrI (ACTGG) and confirmed that this site was present in amplicons obtained from sfr2-1 material and absent in the cognate amplicons from wild-type Arabidopsis.
In parallel with the sequence analysis, we subcloned portions of the 11-kb complementing region that contained At3g06510 and At3g06520 individually; these were transformed into the sfr2-1 mutant line. Two independent clones of gene At3g06510 (identified by hatched bars in Figure 1D ) restored freezing tolerance to the sfr2-1 mutant, with freezing sensitivity reappearing and segregating as expected in the next generation. A subclone of the other gene, At3g06520, had no effect on the mutant's freezing sensitivity. SFR2 was thus identified with the putative gene At3g06510 both by mutant sequence analysis and by complementation.
Transcription and Splicing of SFR2
A pair of primers was designed to amplify the whole of the predicted SFR2 coding region. These primers were used in an RT-PCR reaction on mRNA from cold-grown plants, and a product of 1.9 kb (the predicted size) was obtained. This amplicon was cloned and sequenced: it contained a coding region of 623 codons, inclusive of the termination codon. The implied splice sites in pre-mRNA were canonical, and they accord perfectly with the transcript structure predicted for At3g06510 in current annotations of the genome database. An equivalent amplicon was produced from mRNA of the sfr2-1 line, cloned, and partially sequenced. This confirmed the presence of the previously identified G>A mutation in sfr2-1 mRNA.
To determine the transcriptional initiation site of SFR2, we designed a primer complementary to SFR2 mRNA, 182 nucleotides downstream from the presumed initiation codon. Using a PCR protocol to define the 59 end of the mRNA (Frohman et al., 1988) , we obtained an amplicon with an additional 302 nucleotides of homologous sequence; this indicated transcriptional initiation 120 nucleotides upstream of the presumed initiation codon. There were no alternative in-frame initiator codons in this upstream region.
We compared the abundance of SFR2 transcripts in wild-type plants before and during cold acclimation by RNA gel blotting. RNA samples were extracted from plants and tested in three independently replicated experiments. Blots were probed with a transcript region (the 59 end of the cDNA, amplified by PCR) sufficiently nonhomologous to other Arabidopsis sequences to preclude cross-hybridization. SFR2 transcripts were detected at low levels in all samples: there was no indication of induction by cold, even after 24 h ( Figure 2A ). As a positive control, the illustrated blot was reprobed with a known cold-inducible gene, KIN1 (Kurkela and Franck, 1990) . This showed the expected strong induction over the cold time course ( Figure 2B ) and confirmed that the sampled plants were undergoing a normal response to low temperature.
The expression of SFR2 was characterized further using realtime PCR. Wild-type plants were subjected to various dehydrative stress treatments (dehydration, salt, and abscisic acid application) and the level of SFR2 transcript determined ( Figure  3A) . None of the treatments had other than a small effect on the level of SFR2 transcript. This suggests that the tested stresses have, at most, a limited effect on the transcriptional regulation of SFR2; this contrasts with many stress-induced genes that show a large amplification. Monitoring of a known stress-induced gene, COR47, demonstrated that the experimental plants were undergoing a normal pattern of gene induction in response to these treatments (data not shown). In the same experiment, it was shown that the level of SFR2 transcript was approximately For stress treatments, plants were either transferred to a 48C growth room for cold treatment, sprayed with 100 mM abscisic acid, drenched with 200 mM salt solution, or, for dehydration stress, excised leaves were placed in a flow hood at room temperature. Samples were collected at the indicated times after the stress treatment was initiated. For all RNA isolations, leaves from 3-to 4-week-old soil-grown plants were used except for the leaf/root comparison where plants grown in agar were used. Except where indicated, all analysis was with wild-type plants. In (A), SFR2 expression levels are relative to the level in untreated wild-type plants. In (B), expression levels are relative to untreated plants of the same genotype (either wild type or sfr2-1). Error bars represent 6SD.
sixfold lower in the root than in the leaf of wild-type plants.
A comparison between wild-type and sfr2-1 plants, both untreated, showed that they had very similar levels of SFR2 transcript.
In a similar set of experiments, real-time PCR was used to determine the levels of transcript in wild-type and sfr2-1 plants over a prolonged period in the cold. Figure 3B extends the results obtained by RNA gel blotting, demonstrating little variation in the level of SFR2 transcript even after 8 d in the cold. Transcript levels in sfr2-1 were similarly stable, suggesting that transcriptional differences between the two are unlikely to explain the mutant phenotype.
The localization of SFR2 expression was determined using a translational fusion of a b-glucuronidase (GUS) reporter to the 31st codon of the SFR2 gene, which was introduced into the wild-type background. GUS activity was observed in 7 out of 11 primary transformants. Activity was seen in most aerial organ types (hypocotyls, cotyledons, stems, leaves, pedicels, sepals, anthers, and pistils) but not in petals or filaments (Figure 4 ). In support of the real-time PCR experiments, expression in roots was very limited, with only a few plants showing small and weak patches of expression. The distribution of reporter activity appeared heterogeneous in the leaves of older plants (Figures 4C and 4D) . Consistently with the result of RNA gel blotting and real-time PCR, we did not observe any differences in localization a Similarity is represented by the probability of finding at least the observed quality of match in a database containing the same quantity of randomized sequence information (thus, smaller numbers represent greater similarities).
between untreated and cold-treated plants ( Figure 4 , comparing A with B, C with D, E with F, and G with H).
Protein Sequence Homologies
Public databases were searched for protein sequences homologous with the conceptual translation product of SFR2. The highest similarities that we found were to b-glycosidase enzymes from thermophilic and halophilic archea and bacteria (Table 1, Figure 5 ). These enzymes were members of glycosyl hydrolase family 1 (Henrissat, 1991) , and a characteristic family 1 motif was detected in AtSFR2 protein (residues 264 to 268 and 427 to 431). The various activities reported for the prokaryotic homologs included specific cleavage of b-D-glucosidic, b-D-mannosidic, and b-D-galactosidic bonds and more catholic recognition of multiple types of b-glycosidic bonds (Table 1) . We examined the relationship between all the family 1 b-glycosidase homologs of Arabidopsis and the two prokaryotic b-glycosidases most closely homologous to AtSFR2. A multiple protein sequence alignment was calculated and used to derive a cladogram relating the proteins by minimum substitution distances ( Figure 6 ). This confirmed that AtSFR2 and the prokaryotic b-glycosidases form a distinct clade. Their grouping highlights the unusual extent of AtSFR2's divergence from every other family 1 b-glycosidase enzyme in Arabidopsis.
Enzymatic Activity of AtSFR2 Protein
The full coding sequence from both SFR2 and sfr2-1 cDNAs were expressed in the yeast Pichia pastoris. In the supernatant of 
No activity against any of these substrates was detected in the preparations from the empty-vector control. This seems to indicate that AtSFR2 protein is an enzymatically active b-D-glucosidase with strong glycone selectivity. The presence of comparable b-D-glucosidase activity in the protein produced from the mutated sfr2-1 transcript suggests that enzymatic activity is maintained, at least in vitro, when the protein is tested against synthetic glycosides.
Mutant Alleles of SFR2
The sfr2-1 mutation affects codon 234 of SFR2, converting a Gly (GGC) into an Asp (GAC) codon; thus, sfr2-1 is a missense mutation ( Figure 5 ). An automatically generated alignment of At3g06510 with its closest homologs was obtained from the Munich Information Center for Protein Sequences (data not shown). This revealed strong conservation of G 234 among a wide variety of b-glycosidases; hence, it is likely that G 234 is important for the function of b-glycosides.
The recessive nature of the sfr2-1 allele led Warren et al. (1996) to infer that it represented a loss-of-function mutation. This inference underlay our supposition that the wild-type SFR2 gene encoded an essential freeze-protective activity. If sfr2-1 truly caused a simple loss of function, then severely deficient alleles of SFR2 (e.g., early nonsense or insertional mutations) should display a similar phenotype. We therefore sought such alleles. An insertional mutant allele, which we designate sfr2-i2, was identified in the SIGnAL database of the Salk Institute (La Jolla, CA). We sequenced sfr2-i2 to determine the precise upstream and downstream junctions between host and inserted DNA. The upstream junction predicted termination of translation after two additional amino acids had been translated from the inserted sequence ( Figure 5 ). Thus, sfr2-i2, encoding a protein of only 183 residues and <30% of the molecular mass of wild-type AtSFR2 protein, should be a strongly deficient allele.
We used PCR to distinguish mutant homozygotes from heterozygotes. Homozygous sfr2-i2 mutants were selfed, and their progeny were tested for freezing tolerance. All the tested progeny (33/33) showed freezing sensitivity, and the appearance of freezing damage was indistinguishable from that of sfr2-1 plants frozen in parallel (Figure 7 ). Further progeny were tested under freezing conditions of varying severity, but in no test did we observe any difference between the phenotypes of the sfr2-1 and sfr2-i2 mutants.
Immunoblot Analysis
A polyclonal antibody raised against a peptide generated from the C-terminal region of the AtSFR2 protein was used to compare both the abundance of the AtSFR2 protein in different alleles of SFR2 and the effect of cold treatment (Figure 8 ). The antibody detected a protein with an apparent molecular mass of ;65 kD in extracts of wild-type and sfr2-1 plants but not in material isolated from sfr2-i2 plants. This is consistent with the expected early termination of translation in sfr2-i2, predicted from DNA sequence analysis, and suggests that the 65-kD protein detected in wild-type and sfr2-1 plants is AtSFR2. A cross-reacting band (;110 kD) present in all plants tested is unlikely to be AtSFR2 because its molecular weight is much higher than predicted for unprocessed AtSFR2 and because of its presence in sfr2-i2 plants.
The abundance of protein detected in plants of sfr2-1 grown at 208C was slightly reduced compared with that in the wild type, suggesting that the mutation may have some effect on the translation or stability of the protein. After transfer of plants to 48C for 24 h, there was a reduction in the level of AtSFR2 protein in wild-type plants, but no AtSRF2 protein could be detected in sfr2-1 plants. A time-course experiment (data not shown) showed that AtSFR2 protein was not detected in sfr2-1 plants over a period of at least 5 d after transfer to growth at 48C. This suggests that the missense mutation in sfr2-1 plants has created a cold-sensitive allele of SFR2. The apparent mobility of the AtSFR2 protein in planta (;65 kD) was smaller than that produced by expression in P. pastori (;70 kD). This is most likely the result of posttranslational modification, possibly involving cleavage of the predicted N-terminal signal sequence.
DISCUSSION
Our identification of the SFR2 gene was undertaken because SFR2 was expected to encode an essential freeze-protective function in the cold-acclimated plant. This was based on an inference that the sfr2-1 mutant phenotype reflected a loss (rather than a gain or change) of function. However, sfr2-1 was found to be a missense mutation. By isolating a second mutant allele of SFR2, of a type that would be expected a priori to destroy the gene's function absolutely, the rationale for gene identification has been tested. Because the second mutant sfr2 allele had a similarly freezing-sensitive phenotype, we can be confident that SFR2 is indeed essential for freezing tolerance.
The predicted AtSFR2 protein is homologous to enzymes with glycosyl hydrolase (glycosidase) activity, in particular the group of b-glycosidases designated family 1 (Henrissat, 1991 (Henrissat, 1991) . Among family 1 b-glycosidases with empirically defined functions, the least distant homologs of AtSFR2 were archeal and bacterial enzymes with several different glycone specificities. It is not possible, on the basis of this pattern of homologies, to infer the specificity of AtSFR2 protein for either the glycone or aglycone portion of its substrate. When produced by heterologous expression, AtSFR2 protein displayed hydrolytic activity against two nitrophenyl b-D-glucosides. Activity was not detected when the glucose moiety of the substrate was replaced by any of several other glycones nor when the b linkage to glucose was replaced by an a linkage: this indicates that its specificity for b-linked glucosides is sufficient for AtSFR2 to be considered a b-glucosidase. The specific activity of AtSFR2 against both nitrophenyl b-glucosides is nevertheless low in comparison with that of the almond b-glucosidase with which it was compared. This might be because of lower catalytic capacity or to lack of appropriate modification in the heterologous host but could also be because of greater discrimination against the artificial aglycones (the p-nitrophenyl and o-nitrophenyl groups) used in these assays; it would be expected that AtSFR2 should have strong specificity for the aglycone of its natural substrate.
The b-D-glucosidase activity present in the mutated AtSFR2.G234D protein was surprising. It seemed likely that the mutant protein would lack activity because it has the same freezing phenotype as the sfr2-i2 insertional mutant that is expected to be totally deficient in activity. Indeed, it cannot be ruled out that the protein produced in the sfr2-1 mutant, although active against synthetic substrates in vitro, fails to cleave its natural substrate. The results obtained from protein blotting, however, suggest another possible explanation for the freezing sensitivity of the sfr2-1 allele.
Given the minor differences in the level of SFR2 RNA transcript between the wild-type and sfr2-1 plants and the conservation of the in vitro b-D-glucosidase activity of the AtSFR2.G234D mutant protein, the elimination of AtSFR2 protein during the cold acclimation period may explain the freezing sensitivity of the sfr2-1 plants. If sfr2-1 plants do contain biologically active protein before cold acclimation, this is not sufficient to protect the plant from freezing. This suggests a specific requirement for SFR2 during the cold acclimation process rather than the manifestation of a latent lesion that is undetected in the warm. Evidence only exists, however, for b-glucosidase activity in vitro and not for the appropriate biological activity of the mutant protein in planta.
b-Glucosidases are ubiquitous. Glucosylation (reversible by the appropriate glucosidase) can affect various characteristics of the glucosylated moiety (the aglycone), including reactivity, solubility, and transport (Li et al., 2001) . Many roles for glucosidases in plants have been postulated (reviewed in Esen, 1993) . Some b-glucosidases are capable of affecting the properties of the cell wall (Gerardi et al., 2001; Li et al., 2001) , which might be a crucial function in preparing cells for the physical deformations associated with freezing. In stress responses, b-glucosidases commonly release active molecules from inert precursors: the various released molecules include a variety of antimicrobials (Cicek and Esen, 1998; Sue et al., 2000) , phytohormones (Brzobohaty et al., 1993) , and at least one antioxidant (Chong et al., 2002) . Stress-related roles have also been suggested for several b-glucosidases of unknown function on the basis of their stress-responsive expression (Fujiki et al., 2001; Seki et al., 2001; Chen et al., 2002) .
Both bioinformatic analysis and its secretion from yeast cells indicate that AtSFR2 has a signal peptide at its N terminus. If AtSFR2 is indeed secreted from the protoplast in planta, the range of possible substrates for the AtSFR2 b-glucosidase would be limited to apoplastic metabolites, membrane components, and structural components of the cell wall.
The constitutive expression of SFR2, both in response to cold and to several dehydrative stresses, indicates that this gene would not have been detected by the approach of characterizing cold-inducible genes. Constitutive expression of the SFR2 gene does not necessarily equate to constitutive activity of AtSFR2 protein; in particular, posttranslational control is conceivable because most plant b-glucosidases are themselves glycosylated, and glycosylation has been implicated in their stabilization (Cicek and Esen, 1999) . Transcription of SFR2 was detected in all green tissues and at a much lower level in roots; this implies that AtSFR2 plays a role in freeze protection of photosynthetic tissues or possibly a more specific role in plastid protection.
METHODS
Freeze Testing
To screen individuals for freezing tolerance, seedlings were grown for ;5 weeks at 18 to 208C with a 9-h photoperiod at 250 mmol m ÿ2 s ÿ1 , and then subjected to 11 d of cold acclimation at 48C, with an 8-h photoperiod at 220 mmol m ÿ2 s ÿ1 . They were placed in a freezer with air temperature at a minimum of ÿ6.08C for 16 h and then returned to their preacclimation growth conditions. Injury was assessed after 5 d. Total protein was extracted from wild-type, sfr2-1, and sfr2-i2 plants either grown in unstressed conditions or after 24 h at 48C and used to conduct a protein gel blot with anti-SFR2 serum. The arrow shows the position of the AtSFR2 band. The asterisk indicates a cross-reacting band acting as a loading control.
Generation and Use of Physical Markers in Mapping
Contemporary sequence information was available from the ends of many BAC clones in the contig (see http://www.tigr.org/tdb/e2k1/ath1/ abe/bac_end_search.shtml). PCR amplicons were designed from these using the Primer3 program (S. Rozen and H. Skaletsky, unpublished data; http://www-genome.wi.mit.edu/genome_software/other/primer3.html). Primers were synthesized by MWG Biotech (Ebersberg, Germany; http:// www.mwg-biotech.com). Amplicons separately produced from Col and Landsberg erecta DNA were screened for restriction endonuclease site polymorphisms (Konieczny and Ausubel, 1993) . The cleaved amplified polymorphic sequence marker GAPC (Konieczny and Ausubel, 1993) and simple sequence length polymorphism marker nga126 (Bell and Ecker, 1994) have previously been described. For other markers, primer sequences and cognate restriction endonucleases are shown in Table 3 .
DNA samples were isolated from F2 plants (Thorlby et al., 1999) and analyzed for cleaved amplified polymorphic sequence marker genotypes (Konieczny and Ausubel, 1993) and simple sequence length polymorphism marker genotypes (Bell and Ecker, 1994) as described. One restriction fragment length polymorphism marker, mi403, was also used. Map positions refer to the May 2001 release by the Nottingham Arabidopsis Stock Centre (Nottingham, UK; http://nasc.nott.ac.uk/) of the recombinant inbred map (Lister and Dean, 1993) .
BAC Identification and Alignment
Filters carrying the TAMU (Texas A&M University) library of Arabidopsis (Col) BAC clones were obtained from ABRC (Columbus, Ohio; http:// godot.ncgr.org/abrc) and probed with markers S6, C6, and B4. This identified several BAC clones, including T5D11 and T8E24. BAC clones were oriented relative to one another by querying the Washington University BAC fingerprinting database (http://genome.wustl.edu/gsc/ arab/arabidopsis.html), which also allowed the identification of several overlapping BAC clones. Subsequent completion of the Arabidopsis genome sequence (Arabidopsis Genome Initiative, 2000) has provided precise positional data for a subset of these BAC clones. Here, we present physical maps with the retrospective accuracy that this allows.
Subcloning for Complementation
A restriction map of the region of interest was constructed by digesting the overlapping BAC clones F28L1, F8L1, and T5D11 with endonucleases HindIII, BamHI, and BglII. The binary vector pSLJ755I6 (Jones et al., 1992) was then used for subcloning. BamHI subclones were constructed for all BamHI fragments >5 kb and <25 kb. Gaps in the subclone coverage were filled by subcloning from BamHI-partial and BglII-total and -partial digests. For single-gene transformations, genomic fragments were cloned into the vector pCAMBIA3300 (CAMBIA, Canberra, Australia; http://www.cambia.org). At3g06520 was inserted as an XbaI fragment and At3g06510 as SacI/BglII and SacI/BamHI fragments.
Plant Transformation and Selection
Plasmids were transferred to Agrobacterium tumefaciens GV3101/pM90 (Koncz and Schell, 1986) by triparental mating for plasmids derived from pSLJ755I6 (Jones et al., 1992) or by electroporation (Cangelosi et al., 1991) for plasmids derived from the pCAMBIA series vectors. Plants of the homozygous sfr2-1 mutant line were transformed by the floral dip method (Clough and Bent, 1998) . Primary transformants were selected for Basta resistance (the marker in pSLJ75516 and the pCAMBIA vectors used here) by repeated spraying of the seedlings with a 250-mg/L solution of the herbicide Challenge 60 (AgrEvo, King's Lynn, UK) until the growth differential was clear.
Sequencing of SFR2
The genomic sequences of both At3g06520 and At3g06510 were obtained from homozygous sfr2-1 mutant plant DNA: overlapping PCR products were generated with a proofreading thermostable polymerase (ProofStart; Qiagen, Crawley, UK; http://www.qiagen.com), cloned into pGEM-T-Easy (Promega, Madison, WI; http://www.promega.com), and sequenced using the vector primers SP6 and T7. The sfr2-1 sequence has accession number AJ491321. The cDNA sequence of SFR2 was generated from cold-acclimated wild-type plant mRNA: cDNA was obtained using Omniscript reverse transcriptase (Qiagen), and a 1924-bp fragment was amplified by primers flanking the coding sequence of At3g06510. The fragment was cloned into pGEM-T-Easy and sequenced with SP6, T7, and internal primers. All sequencing was performed by MWG Biotech.
59 Rapid amplification of cDNA ends was performed using the 59/39 RACE kit (Roche Molecular Biochemicals, Lewes, UK; http://www. biochem.roche.com), using a gene-specific primer (59-TGCAGTAGC-TACCCAAAGAAG-39) positioned 182 nucleotides downstream of the initiation codon. PCR products were cloned into pGEM-T-Easy. A plasmid clone whose insert matched the size of the PCR amplicon was selected for sequence analysis (accession number AJ491320).
RNA Gel Blotting
Samples of total RNA were isolated using the RNeasy plant mini kit (Qiagen). Approximately 6 micrograms of RNA per sample was separated by formaldehyde gel electrophoresis and blotted onto nylon membrane (Roche). Membranes were hybridized with 32 P-labeled probes generated using Ready-To-Go DNA labeling beads (Amersham-Pharmacia, Little Chalfont, UK; www.amershambiosciences.com/uk). Quik-hyb hybridization solution (Stratagene, La Jolla, CA; http://www.stratagene.com) was used according to the manufacturer's instructions. The SFR2 probe was a 610-bp PCR fragment amplified from the 59 end of the SFR2 cDNA. The KIN1 probe was a 342-bp PCR fragment amplified from the coding sequence of KIN1 cDNA.
Real-Time RT-PCR
For quantitative real-time PCR, the Smartcycler (Cepheid, Sunnyvale, CA) was used according to the manufacturer's instructions. RNA was extracted using the RNeasy kit (Qiagen) including the optional, on column, DNase I digestion. Aliquots of RNA (2 mg) were reverse transcribed using SuperScript III (Invitrogen, Paisley, UK) as described in the manufacturer's instructions with 40 units of RNase inhibitor (Promega) and 2.5 mM oligo(dT) 20 added to the reaction. A 1:100 (w/v) dilution of the first-strand cDNA was used in PCR reactions.
Primers were designed such that one of the pair spanned the position of an exon/intron border (At1g67090 and At3g06510) and did not amplify genomic DNA, or the amplicon contained an intron and amplified a different sized genomic DNA and cDNA fragments (At1g49240). Fragments were amplified from the 39 region of the gene transcript and were between 100 and 150 bp in length.
The following primers were used for real-time PCR experiments: SFR2/At3g06510 (59-GCAATGCTAAAGGGTGTTCC-39 and 59-AAGAT-CATGGGATCGGTCAA-39), ribulose bisphosphate/At1g67090 (59-TTC-CTGACCTTACCGATTCC-39 and 59-ACAAATCCGTGCTCCAACTC-39), and actin2/At1g49240 (59-CTTCCCTCAGCACATTCCAG-39 and 59-CCCAGCTTTTTAAGCCTTTG-39).
The Quantitect SYBR Green PCR system (Qiagen) was used according to the manufacturer's recommendations. Diluted cDNA (2 mL) was added to a reaction mix containing primers (0.3 mM) and 13 master mix in a total volume of 25 mL. The following Smartcycler program was used in all experiments. An initial 15 min at 958C for Taq activation followed by 45 cycles consisting of 15 s at 948C, 30 s at 568C, and 30 s at 728C. At the end of the PCR, a melt curve analysis (60 to 958C) was performed to verify the fidelity of the amplification. For each test condition, cDNA derived from three independent experiments was used, and each reaction was run in duplicate.
For relative quantification the method of Pfaffl (2001) was used to determine the relative expression ratio. This determines the expression of the target gene (SFR2/At3g06510) relative to a reference gene (actin2/ At1g49240 or ribulose bisphosphate/At1g67090) in a test sample compared with a control sample. In all experiments, the control sample was leaf material from warm-grown (untreated) plants. By definition, the expression ratio in the control sample is 1. At1g67090 was used as the reference gene in all experiments except for those comparing root and leaf tissue where At1g49240 was used.
Reporter Gene Analysis
An SFR2 promoter fragment was amplified using the primers 59-GAAGCTTGTTTGCCTTTTCCTTCTTG-39 and 59-GAGATCTACGC-GACGGAAACGAGAGTAG-39. The product, comprising 93 bp of the first exon and 828 bp of contiguous upstream region, was digested with HindIII and BglII and cloned into the GUS expression vectors pCAMBIA1302 and pCAMBIA1391 (CAMBIA). In both constructs, the first 31 codons of SFR2 were fused in frame to a GUS reporter. Both constructs were transformed into the wild type, selecting transformants on MS agar supplemented with 15 mg/L of hygromycin. Their progeny (the T2 generation) were grown under normal conditions and, where indicated, transferred to 48C for 24 h. Tissue samples (whole seedlings, leaves, or inflorescences) were collected and stained overnight by incubation with 5-bromo-4-chloro-3-indolyl-b-D-glucuronide (Gallagher, 1992) . Tissues were washed with 70% (v/v) ethanol until cleared of chlorophyll and then examined by light microscopy.
Heterologous Expression and Enzymatic Assay of AtSFR2
The coding sequences from SFR2 and sfr2-1 cDNAs were cloned into the vector pPicZB (Invitrogen) downstream of the AOX1 promoter and translational initiation sequences. The resulting constructs were linearized by SacI digestion and introduced into Pichia pastoris X33 by electroporation. Transformants were selected by growth at 288C on yeast extract peptone dextrose sorbitol medium containing zeocin at 100 mg/mL. The presence of the AOX1-SFR2 fusion and of the zeocin-R gene in the transformed colonies was confirmed by PCR using primer pairs AOSF (59-GACT-TCGTGGAGGACGACTT-39 and 59-CAAATTAAAGCCTTCGAGCG-39) and ZE1 (59-GACTGGTTCCAATTGACAAGC-39 and 59-GCCCACCAAA-GGAATTAAGGAA-39), respectively. A parallel transformation with pPicZB resulted in transformed colonies positive for the zeocin-R gene but negative for the AOX1-SFR2 fusion (empty-vector transformants).
Pichia transformants were cultured for 48 h in 200 mL of buffered methanol complex medium at 288C. Culture supernatants were collected after 10 min centrifugation at 3000g. Protein was precipitated with 60% saturated ammonium sulfate, redissolved in 20 mL of 20 mM sodium phosphate, pH 7.0, 1 M ammonium sulfate, 1 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride, and loaded onto an octylsepharose hydrophobic interaction column. Protein was eluted by a three-step gradient from 0.75 to 0.0 M ammonium sulfate in the same buffer. Eluted fractions were analyzed by SDS-PAGE, pooled, concentrated by size exclusion chromatography (Vivaspin column, 50,000 kD mass cutoff; Vivascience, Hannover, Germany) and diluted in 100 mM citrate/50 mM phosphate, pH 6.0.
Enzymatic assays were performed in triplicate. Twenty-five microliters of purified protein was mixed with 25 mL of the appropriate chromogenic substrate in 100 mM citrate/50 mM phosphate, pH 6.0, and 250 mL of 100 mM citrate/50 mM phosphate buffer, pH 7.0. Reactions were stopped by addition of 700 mL of 0.4 M sodium carbonate after incubation at 378C for 0 or 15 min. Release of p-nitrophenol or o-nitrophenol was measured by optical absorbance at 410 nm, assuming extinction coefficients of 18,400 M ÿ1 cm ÿ1 and 3500 M ÿ1 cm ÿ1 , respectively.
Isolation of the sfr2-i2 Allele
The SFR2 sequence was used to search the SIGnAL database of sequences flanking T-DNA insertions (Salk Institute; http://signal.salk. edu/cgi-bin/tdnaexpress). This identified a line (SALK 000,226) in which a T-DNA insertion was present in SFR2, creating allele sfr2-i2. Seeds were obtained from the ABRC. Amplicons were generated from the left and right T-DNA borders, using one gene-specific and one border-specific primer in each case, and were sequenced to determine the sfr2-i2 coding sequence (accession number AJ491322). Plants producing such amplicons (i.e., plants containing at least one sfr2-i2 allele) were subjected to a second PCR screening using primers homologous to SFR2 sequences to either side of the insertion. Production of the PCR band typical of wildtype Arabidopsis indicated heterozygosity; absence of the wild-type band indicated that sfr2-i2 was homozygous.
Protein Immunoblot Analysis
Total protein from 5-week-old plants was isolated using the method described by Martinez-Garcia et al. (1999) . Protein concentrations were measured using the Bio-Rad protein assay kit (Bio-Rad, Hemel Hempstead, UK). Equal amounts (20 mg) of protein were loaded per lane and separated by SDS-PAGE before transfer onto polyvinylidene difluoride membrane by electro-blot transfer.
For the production of polyclonal antibody against AtSFR2, a cDNA fragment, encoding 109 amino acids at the C terminus of AtSFR2 protein, was cloned by PCR into the expression vector pET28a (Merck Biosciences, Nottingham, UK) in frame with a 63 His tag. The protein was expressed in Escherichia coli strain BL21 and purified using a nickel affinity column (BD Talon; Clontech, BD Biosciences, Cowley, UK). Polyclonal antibodies, raised in rabbit, against the recombinant peptide were used at a dilution of 1:200. Secondary goat anti-rabbit horseradish peroxidase-conjugated antibody (Promega) was used at a 1:5000 dilution and detection performed using 3,39-diaminobenzidine peroxidase substrate (Sigma-Aldrich, Dorset, UK).
Bioinformatics
The BLAST2 algorithm (Altschul et al., 1997) was used to search public databases from the National Center for Biotechnology Information Web site (http://www.ncbi.nlm.nih.gov/BLAST/). EST homologs were obtained from libraries derived from Arabidopsis roots (AV548508), inflorescences (AI996051), seedling hypocotyls (N96111), and whole seedlings (AV785662, AV794172, and AV791716). Other software tools were used at Web sites of the San Diego Supercomputer Center (http:// workbench.sdsc.edu/) and European Bioinformatics Institute (http:// www.ebi.ac.uk/Tools/). For construction of sequence alignments and cladograms, the Clustal multiple alignment program (Thompson et al., 1994) and the TREEVIEW cladogram drawing program (Page, 1996) were downloaded from European Bioinformatics Institute (ftp://ftp.ebi.ac.uk/ pub/software/) and University of Glasgow (http://taxonomy.zoology. gla.ac.uk/rod/treeview.html) servers, respectively, and run locally.
Sequence data from his article have been deposited with the EMBL/ GenBank data libraries under accession numbers AJ491320, AJ491321, and AJ491322. 
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